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The formation of marine phosphatic mineral deposits remains incompletely understood,
despite decades of research. The involvement of bacteria in this process has long been
suspected, and both modern and ancient associations between bacteria and phosphorites
have been recorded. Only recently has a speciﬁc bacterial metabolic process associated
with the formation of phosphorites been discovered. Recent studies demonstrate that
polyphosphate utilization by sulﬁde-oxidizing bacteria results in the rapid precipitation of
apatite – providing at least a partial mechanism to explain the close spatial correlation
between accumulations of sulﬁde-oxidizing bacteria and modern phosphorites. Possible
fossilized bacteria are known from ancient phosphatic mineral deposits. Potentially, the
fossilized cells represent the remains of bacteria that induced the formation of those phos-
phorites. However, robust criteria for the recognition of these bacteria have yet to be
identiﬁed.
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THE PHOSPHOROUS CYCLE AND PHOSPHATIC
MINERAL DEPOSITS
Phosphorus (P) is one of the few elements that all life requires –
a constituent of the molecules of genetic information, energy cur-
rency, and many membranes of living organisms (Sterner and
Elser, 2002). As a limiting nutrient for primary productivity,
phosphorus is rapidly recycled in the environment, limiting its
accumulation in sediments (e.g., Benitez-Nelson, 2000). While
most organic matter and its associated phosphorus is transformed
into an inorganic state and recycled in the water column, some
organic phosphorus reaches the sediments as particulate organic
matter such as phytodetritus and ﬁsh debris (Suess, 1981). Addi-
tionally, phosphate commonly adsorbs to iron oxyhydroxides,
including on the surfaces of clay particles and colloids that are
eventually deposited in the sediment (Krom and Berner, 1980;
Crosby et al., 1984). As they become buried in sediment, iron
minerals encounter a zone in which bacterial dissimilatory iron
reduction commonly results in the dissolution of iron oxides and
concomitant release of HPO42− (Ruttenberg and Berner, 1993).
The ubiquitous degradation of organic compounds and disso-
lution of Fe-oxides in the sediments thus limit the sedimentary
accumulation of P. However, under still not fully constrained
conditions, the complex interaction of biological concentration,
mineral precipitation, and sedimentary reworking can result in
the concentration of phosphorus as phosphorite rock deposits
(Cook, 1976; Sheldon, 1981; Glenn et al., 1994; Krajewski et al.,
1994; Föllmi, 1996; Schulz and Schulz, 2005; Dornbos, 2010;
Filippelli, 2011).
Phosphorites are relatively rare marine sedimentary units con-
taining signiﬁcant amounts of P resulting from the concentration
of the mineral apatite Ca5(PO4)3(F,Cl,OH), or its more complex
form carbonate ﬂuorapatite (CFA) (Nathan, 1984). Phosphorites
contain 6–18%P2O5, distinguishing them frommost sedimentary
rock and marine sediments which generally have less than 0.3
wt% P2O5 (Van Cappellen and Berner, 1988; Jarvis et al., 1994).
Phosphate rock, in a range of morphologies including phospho-
rite mud, laminae, crusts, pellets, nodules, skeletal fragments,
and cements has been recognized in geologic rock strata since
the late 1700s (Glenn et al., 1994; Föllmi, 1996; Rakovan, 2002).
The discovery of a way to extract phosphate from phosphorites
led to heightened interest in the use of phosphate as a fertil-
izer, where it now accounts for approximately 85% of the world’s
phosphate consumption. Phosphorites have now been identi-
ﬁed in ancient sedimentary rock strata on every continent, but
it was not until the British “Challenger” expedition of 1873–
1876 that geologically recent phosphorites were recovered from
modern marine sediments of the Agulhas Bank area off South
Africa (Murray and Renard, 1891). Since then, extensive phos-
phorites have been found to be forming under the low-latitude
upwelling zones on the western shelves and continental margins
of North and South America, Africa, and India, as well as off
the east coast of Australia, extending the age of known phos-
phorite formations from the Proterozoic to the present (Baturin
et al., 1972; Parker and Andseisser, 1972; Veeh et al., 1973; Burnett
et al., 1980; Sheldon, 1981). But what processes and mechanism(s)
are responsible for the formation of these enigmatic geological
deposits?
THE FORMATION OF PHOSPHORITES IN
MODERN SEDIMENTS
Understanding the processes that lead to the deposition of phos-
phatic minerals is necessary for understanding the distribution
and occurrence of this important non-renewable resource and
its place within the broader phosphorous cycle (Figure 1). The
process of phosphogenesis begins with the precipitation of CFA
or its metastable precursors within the top few centimeters of
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FIGURE 1 |The phosphorous cycle, showing the complexity of
phosphorus cycling, and the relative inaccessibility of phosphorus
once it has been lithified.The inset reﬂects a cycle through which
phosphorus can cycle repeatedly wherever the biosphere can access it.
marine sediment. It is generally thought that disseminated CFA is
then concentrated through a variety of sedimentological processes
such as reworking (Cook, 1976; Glenn et al., 1994; Föllmi, 1996;
Filippelli, 2011) Concentrated CFA can undergo additional diage-
netic transformations such as the precipitation of additional authi-
genic apatite or carbonate precipitation, perhaps accompanied by
multiple cycles of sedimentary reworking (e.g., Baturin cycles and
variations thereof). The details of this process are beyond the scope
of this review, but see Filippelli (2011) for a recent review.
The majority of modern and ancient phosphorites are asso-
ciated with sediments beneath coastal upwelling zones and these
are the subject of active research and the following discussion.
Brieﬂy, in upwelling zones, nutrient-rich waters stimulate primary
productivity in the photic zone, resulting in a downward ﬂux of
phytodetritus,muchof which can accumulate in the sediments due
to the high organic ﬂux, high biological oxygen demand, and short
sinking transit time on the shallow continental shelf. Some com-
bination of biochemical and geochemical mechanisms then act to
release P and inhibit its recycling back into the water column. Pore
water conditions that are supersaturated and kinetically favorable
for the precipitation of apatite then result in mineral precipita-
tion that proceeds through the initial formation of amorphous
apatite precursors or other metastable precursors that eventually
transform into CFA (Nancollas et al., 1979; Gunnars et al., 2004;
Omelon and Grynpas, 2008).
Various mechanisms have been proposed to produce condi-
tions favoring the precipitation of apatite precursors. One model
invoking direct microbial involvement, with both experimental
and in situ evidence to support it, involves polyphosphate uti-
lization by sulﬁde-oxidizing bacteria (Schulz and Schulz, 2005).
In shelf sediments beneath eutrophic marine waters, such as
subtropical eastern boundary current regions, high rates of
aerobic remineralization in the water column followed by bac-
terial dissimilatory sulfate reduction in the sediments lead to
oxygen depletion and production of copious hydrogen sulﬁde
in the sediments (Jørgensen, 1982). These conditions stimulate
the growth of chemolithotrophic sulﬁde-oxidizing bacteria that
oxidize the sulﬁde using oxygen or nitrate as terminal electron
acceptor (Jørgensen, 1977; Robertson and Kuenen, 2006; Lavik
et al., 2009). Gammaproteobacteria that oxidize sulﬁde in these
settings include among others, the conspicuous vacuolated sul-
fur bacteria, Beggiatoa sp., Thioploca, and Thiomargarita sp.
(Jørgensen and Gallardo, 1999; Schulz et al., 2000; Schulz and
Schulz, 2005; Salman et al., 2011). Schulz and Schulz (2005)
noted not just a regional correlation between the habitats of
these sulﬁde-oxidizing bacteria, but also an intimate spatial
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association in the sediments betweenmats of Thiomargarita nami-
biensis and enrichment in pore water phosphate and apatite.
Some microbes are known to accumulate phosphorus in high-
energy polyphosphates that, when hydrolyzed as an energy reserve,
may be expelled as phosphate, although polyphosphates also
serve a wide variety of other cellular functions (Achbergerová
and Nahálka, 2011). Schulz and Schulz (2005) demonstrated
that Thiomargarita take up and store polyphosphate intracellu-
larly. Through subsequent polyphosphate hydrolysis, they release
enough phosphate as a pulse within a few centimeters of the
sediment–water interface to account for the enriched pore water P
and precipitation of apatite observed in Thiomargarita-inhabited
sediments. Additional laboratory investigations of Beggiatoa by
Brock and Schulz-Vogt (2011) suggest that exposure to sul-
ﬁdic conditions initiates the utilization of stored polyphosphate
in Beggiatoa and also perhaps in its close relative, Thiomar-
garita. Recently, Goldhammer et al. (2010) have documented the
microbial uptake of 33P-labeled phosphate that rapidly passes
from intracellular polyphosphate and into precipitated apatite,
strengthening evidence of active microbial processing of P culmi-
nating in apatite precipitation. The isotope labeling experiments of
Goldhammer et al. (2010) demonstrated phosphate sequestration
in apatite occurring at a rate of 69–78 nmol cm−2day−1 under
anoxic conditions, exceeding phosphate release from organic
matter remineralization (9–36 nmol cm−2day−1). The rate of
phosphate released by Thiomargarita in the laboratory was cal-
culated to be sufﬁcient to explain the mineral and pore water
phosphate enrichment observed in phosphogenic sediments off
Namibia (Schulz and Schulz, 2005). Thus, polyphosphate accu-
mulating sulﬁde-oxidizing bacteria, experiencing alternating aer-
obic – anaerobic regimes, appear to be inﬂuential in focusing
pore water phosphate where apatite precursors are actively
forming.
Other microbial processes might also be important for phos-
phate enrichment in certain shallow marine sediments. Work by
Arning et al. (2008, 2009) attributes the build-up of pore water
P to release from organics by sulfate-reducing bacteria, perhaps
funneling P to polyphosphate-utilizing vacuolated sulfur bac-
teria. Investigations by Lucas and Prévot (1985) and Hirschler
et al. (1990) present evidence of P accumulation by enzymatic
breakdown of P-rich molecules like DNA, by alkaline phos-
phatase. It should be mentioned that polyphosphate utilization
is by no means unique to sulﬁde-oxidizing bacteria, and consider-
able attention is given to the role of polyphosphate-accumulating
bacteria in wastewater (Mino et al., 1987; Ohtake et al., 1998;
Crocetti et al., 2000). Some bacteria not know to accumulate
substantial polyphosphate, such as the common heterotrophic
alphaproteobacterium, Caulobacter crescentus have, when cul-
tured in the presence of high calcium concentration, precipitated
minor amounts of carbonate hydroxyapatite (Benzerara et al.,
2004), hence the processes that result in apatite precipitation in
phosphogenic settings may be more complex than simple uptake
and pulsed release of phosphate. Indeed, concentrations of phos-
phate in eutrophic lacustrine waters can become elevated (Penn
et al., 2000), and yet the documented formation of calcium phos-
phate minerals in lake sediments is uncommon (Swirydczuk et al.,
1981). Factors such as pH, redox potential (Eh), and the presence
of other ions, as well as the existence of a suitable nucleation
site and sufﬁcient energy to activate precipitation, all have an
effect on the rate and degree of precipitation. Microbial activ-
ity may inﬂuence these factors, particularly in ﬂuids associated
with microbial mats or heavily colonized sediments. For example,
sulﬁde oxidation using oxygen as a terminal electron acceptor can
produce acid:
H2S + 2O2 → 2H+ + SO2−4
While sulﬁde oxidationwith nitrate as the terminal electron accep-
tor consumes protons, whether it proceeds via denitriﬁcation:
5HS− + 8NO−3 + 3H+ → 5SO2−4 + 4N2 + 4H2O
or dissimilatory nitrate-reducing ammoniﬁcation:
HS− + NO−3 + H+ + H2O → SO2−4 + NH+4
In addition to the effects of active microbial metabolisms, the cell
ultrastructure can inﬂuence mineral precipitation. For example,
charged cell walls and/or extracellular polymeric substances may
bind ions, provide nucleation sites, and lower the activation energy
required for precipitation (Ferris, 1989).
While considerable evidence supports the conclusion that
polyphosphate utilization by sulﬁde-oxidizing bacteria con-
tributes to apatite formation, this may not be the only microbial
process involved in phosphogenesis. Though less commonly,
phosphorite formation is known to occur in non-upwelling
regimes (e.g., Ruttenberg and Berner, 1993) where the mech-
anisms for its deposition may differ markedly from those just
described. For example, under anoxic conditions, dissimilatory
iron reduction can dissolve iron-bearing minerals, releasing and
concentrating adsorbed P in the pore water. Soluble reduced iron
diffuses into bottom waters, precipitates, adsorbs more P, and
sinks again, establishing an “iron-redox pump” whereby pore
water P may be concentrated without direct concentration by
microorganisms.
MICROBES AND ANCIENT PHOSPHORITES
While microbes are thought to play a role in the apatite precipi-
tation that leads to modern phosphorite formation, their role in
ancient phosphogenesis is less clear. However, for many geologi-
cal phenomena the present is the key to the past, and a number
of microfossils and geochemical indicators suggest that microor-
ganisms played an important role in the formation of ancient
phosphatic deposits.
Phosphorites are known throughout much of the rock record,
beginning with relatively minor phosphorites in the Paleopro-
terozoic (Papineau, 2010). Widespread volumetrically substantial
phosphorites ﬁrst occur during the Neoproterozoic-Cambrian
transition, and afterward the occurrence of phosphorites is
episodic and their abundances ﬂuctuate substantially, with the
Permian, Eocene, Miocene, and the Recent as intervals marked by
substantial phosphorite formation (Cook, 1976; Cook and McEl-
hinny, 1979; Cook and Shergold, 1986; Notholt and Sheldon,
1986; Riggs and Sheldon, 1990; Cook et al., 1990). Perhaps, the
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most prominent phosphogenic episode in Earth’s history occurred
during the Neoproterozoic and continued across the Cambrian-
Precambrian boundary∼600–550Ma (Cook and Shergold, 1984).
These phosphorites are associated with times of low-latitude
glaciation, the spread of oxygen into benthic settings, the rifting of
continents, sea level rise, and excursions of stable isotopes of sulfur
and carbon (McFadden et al., 2008; Li et al., 2010; Planavsky et al.,
2010). Many late Proterozoic and Cambrian phosphorites include
episodes of black organic shales and pyritized materials, indicat-
ing at least locally sulﬁdic or stratiﬁed sulﬁdic conditions which
may have supported extensive communities of sulﬁde-oxidizing
bacteria (Cook and Shergold, 1984).
The proliferation of phosphorites across the Precambrian-
Cambrian transition also occurs during an interval that records the
origin and evolution of early metazoan life (Canﬁeld et al., 2007).
The ∼600 Ma Doushantuo phosphorites of South China con-
tain microfossils currently under study and variously interpreted
as metazoan diapause-stage embryos, sulﬁde-oxidizing bacteria,
and protists (Xiao et al., 1998; Bailey et al., 2007; Yin et al., 2007;
Cunningham et al., 2011; Huldtgren et al., 2011). Following the
Neoproterozoic-Cambrian phosphorite proliferation, phospho-
rite occurrences are episodic. Extensive phosphorites are known
from the Permian, such as the Phosphoria Formation of the West-
ern United States (Emigh, 1958; Cook, 1970); the Cretaceous
to Eocene including the South Tethyan Phosphogenic Province
(Pufahl et al., 2003); and theMiocene, including theMonterey For-
mation (Garrison et al., 1990) among others. The episodic timing
of phosphorite deposition throughout geologic time may repre-
sent an interplay between the evolution of the geochemistry of
marine waters, establishment of gradients between sulﬁdic and
oxygenated waters, and the evolution of microbes able to exploit
those geochemical conditions andgradients. Alternatively, or addi-
tionally, geologic intervals rich in phosphaticmineral depositsmay
simply represent relatively rare conﬂuences of biological, sedimen-
tological, tectonic, and ocean geochemical conditions resulting in
massive phosphorite deposits (Filippelli, 2011).
But what evidence is there thatmicrobial activity inﬂuenced the
deposition of ancient phosphorites? Possible apatite-bound bac-
terial microfossils in phosphorites were ﬁrst described by Cayeux
in 1936 and have since been found in phosphorite outcrops of
many geologic ages (Figure 2) (Cayeux, 1936; Riggs, 1979; Soudry
and Champetier, 1983; Williams and Reimers, 1983; Garrison and
Kastner, 1990; Baturin et al., 2000; Soudry, 2000). Several work-
ers have suggested that these possible bacterial fossils represent
microbes capable of mediating phosphorite formation (O’Brian
and Veeh, 1980; Williams and Reimers, 1983; Lamboy, 1990;
Bailey et al., 2007). For example, the apparent remains of micro-
bial mats within phosphate-rich laminations deposited below the
photic zone in the Miocene Monterey Formation lead investiga-
tors to suggest that sulﬁde-oxidizing bacteria had been involved
in phosphogenesis (Williams and Reimers, 1983; Williams, 1984;
Reimers et al., 1990). However, the rather non-descript bacterial
ﬁlaments put forward by Williams and Reimers (1983) include
few morphological or geochemical features that could support
their interpretation as the remains of sulﬁde-oxidizing bacteria. In
addition to microfossils, phosphatic stromatolites provide possi-
ble evidence of the microbial mediation of phosphorite mineral
precipitation (Banerjee, 1971; Krajewski et al., 2000). However, at
present none of these microfossils or sedimentary structures con-
tain strong diagnostic indicators that the phosphatized cells rep-
resent sulﬁde-oxidizing bacteria, or that the organisms preserved
were involved in the phosphatization process. The identiﬁcation of
FIGURE 2 | (A) Phosphorites (arrow) overlain by diatomites from the Miocene
Monterey Formation at Shell Beach, California, preserve ﬁlaments in (E). (B)
Phosphatic microbialite in condensed horizon developed in OC-rich sandy
mudstone horizon.Winnowed phosphate nodules are incorporated in the
microbialite. (C) Intergrowth of columnar and ﬂat-laminated phosphatic
structures developed as a result of microbial mat growth and sediment
phosphatization in OC-rich sandy mudstone. Vertical section, polished surface
after staining to obtain color contrast between phosphatic and non-phosphatic
sediments. (D) SEM of ∼600 Ma Doushantuo microfossil showing layering
reminiscent of cell membrane. (E) Bundle of large phosphatized ﬁlaments
resembles ﬁlamentous sulﬁde-oxidizing bacteria. Credits: (A) and (E) from
Bailey et al. (2009). (B) and (C) from Krajewski (2011).
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sulﬁde-oxidizing bacteria associated with the ancient phosphorite
record has the potential to uncover the history of bacterial interac-
tions with the marine phosphorous cycle, but diagnostic features
that can be preserved in the ancient rock record will be required
in order to conclusively identify them.
CONCLUDING REMARKS AND UNANSWERED QUESTIONS
It seems that we are in the midst of a revolution in our under-
standing of the origins of phosphatic mineral deposits. Knowledge
gained in ﬁelds as varied as wastewater treatment, geochemistry,
and paleontology have all strengthened the argument for the role
of microbes in the precipitation of apatite and the formation of
phosphorite rock. A compelling mechanism for the concentration
of phosphate in pore waters where apatite is actively precipitat-
ing has been discovered in the form of polyphosphate utilization
by vacuolated sulﬁde-oxidizing bacteria. Many gaps remain in
our understanding of the complete story. The processes and
substrates involved in the transition from pore waters enriched
in phosphate to the precipitation of apatite precursors remain
poorly constrained. Eventual cultivation of vacuolated sulﬁde-
oxidizing bacteria may allow for the experimental recreation of
microbially mediated apatite precipitation in the laboratory. The
rapid advancement of genomic andmetagenomic approachesmay
bring us closer to understanding the genes involved in polyphos-
phate utilization, or help us understand community interactions
in sediments where phosphogenesis is occurring.
Fossilized microbes have been identiﬁed in ancient phospho-
rites, and potentially some microfossils from ancient settings
record the presence of sulﬁde-oxidizing bacteria. However, mor-
phological criteria can frequently be insufﬁcient for the iden-
tiﬁcation of speciﬁc bacterial ecotypes. Future discovery and
conﬁrmation of evidence for microbially mediated phosphogene-
sis in the ancient rock record would be aided by the identiﬁcation
of diagnostic chemical signatures of microbes, such as lipid
biomarkers, or signatures of the microbially mediated phosphati-
zation process itself – perhaps a distinctive isotopic signature in
phosphate-associated geochemical species. Additional investiga-
tion into the role of changing geological and oceanographic condi-
tions in the production and preservation of ancient phosphorites,
as well as sedimentary basin analysis, may reveal potentially rele-
vant paleophysiographic features such as cratonic placement and
orientation, or detailed isotopic characterization of phosphatic
lithologies.
Phosphorite formation requires interactions among many
aspects of the geosphere and biosphere, and a comprehensive
understanding of the processes involved will require a multi-
disciplinary approach applied to both modern phosphogenic
environments and their ancient analogs. The results could have
important ramiﬁcations for the exploration and sustainable man-
agement of this mineral resource so intimately connected to the
global phosphorous cycle and to modern agriculture.
ACKNOWLEDGMENTS
WethankDan Jones and three anonymous reviewers for comments
that helped improve this mini review. Jake V. Bailey and Chris H.
Crosby are supported by NSF CAREER grant EAR-1057119.
REFERENCES
Achbergerová, L., and Nahálka, J.
(2011). Polyphosphate – an ancient
energy source and active metabolic
regulator. Microb. Cell Fact. 10, 63.
Arning, E. T., Birgel, D., Brunner, B.,
and Peckmann, J. (2009). Bacterial
formation of phosphatic laminites off
Peru. Geobiology 7, 295–307.
Arning, E. T., Birgel, D., Schulz-Vogt, H.
N., Holmkvist, L., Jørgensen, B. B.,
Larsson, A., and Peckmann, J. (2008).
Lipid biomarker patterns of phos-
phogenic sediments from upwelling
regions. Geomicrobiol. J. 25,
69–82.
Bailey, J. V., Joye, S. B., Kalane-
tra, K. M., Flood, B. E., and
Corsetti, F. A. (2007). Evidence of
giant sulphur bacteria in Neopro-
terozoic phosphorites. Nature 445,
198–201.
Bailey, J.V., Orphan,V. J., Joye, S. B., and
Corsetti, F. A. (2009). Chemotrophic
microbial mats and their potential
for preservation in the rock record.
Astrobiology 9, 843–859.
Banerjee, D. M. (1971). Precam-
brian stromatolitic phosphorites of
Udaipur, Rajasthan, India. Geol. Soc.
Am. Bull. 82, 2319–2329.
Baturin, G., Merkolova, K., and Chalov,
P. (1972). Radiometric evidence of
recent formation of phosphatic nod-
ules in marine shelf sediments. Mar.
Geol. 13, 37–41.
Baturin, G. N., Dubinchuk, V. T., and
Zhegallo, E. A. (2000). Bacteriomor-
phous formations in phosphorites
of the Namibia Shelf. Okeanologiya
(Moscow) 40, 779–784.
Benitez-Nelson, C. R. (2000). The bio-
geochemical cycling of phosphorus in
marine systems. Earth Sci. Rev. 51,
109–135.
Benzerara, K., Yoon, T.-H., Tyliszczak,
T., Constantz, B., Spormann, A. M.,
and Brown, G. E. J. (2004). Scanning
transmission X-ray microscopy study
of microbial calciﬁcation. Geobiology
2, 249–259.
Brock, J., and Schulz-Vogt, H. N.
(2011). Sulﬁde induces phosphate
release from polyphosphate in cul-
tures of a marine Beggiatoa strain.
ISME J. 5, 497–506.
Burnett, W. C., Veeh, H. H., and
Soutar, A. (1980). “U-series, oceano-
graphic and sedimentary evidence
in support of recent formation of
phosphate modules off Peru,” in
Marine Phosphorites. Soc. Econ.
Paleon. Mineral. Spec. Publ. 29,
61–71.
Canﬁeld, D. E., Poulton, S. W.,
and Narbonne, G. M. (2007). Late
Neoproterozoic deep-ocean oxygena-
tion and the rise of animal life. Science
315, 92–95.
Cayeux, L. (1936). Existence de nom-
breuses bactéries dans les phosphates
sédimentaires de tout âge. Cr. Acad.
Sci. 23, 1198–1200.
Cook, P. J. (1970). Repeated diage-
netic calciﬁcation, phosphatization,
and siliciﬁcation in the phosphoria
formation. Geol. Soc. Am. Bull. 81,
2107–2116.
Cook, P. J. (1976). “Sedimentary
phosphate deposits,” in Handbook
of Strata-Bound and Stratiform Ore
Deposits, ed. K. H. Wolf (New York:
Elsevier), 505–535.
Cook, P. J., and McElhinny, M. W.
(1979). A reevaluation of the spatial
and temporal distribution of sedi-
mentary phosphate deposits in the
light of plate tectonics. Econ. Geol. 74,
315–330.
Cook, P. J., and Shergold, J. (1984).
Phosphorus, phosphorites and skele-
tal evolution at the Precambrian-
Cambrian boundary. Nature 308,
231–236.
Cook, P. J., and Shergold, J. H.
(eds). (1986). Phosphate Deposits of
the World: Proterozoic and Cambrian
Phosphorites. Cambridge: Cambridge
University Press.
Cook, P. J., Shergold, J. H., Burnett, W.
C., andRiggs, S. R. (1990). “Phospho-
rite research: a historical overview,”
in Geological Society Special Publica-
tion No. 52 – Phosphorite Research
and Development, eds A. J. G. Notholt
and I. Jarvis (London: Geological
Society), 1–22.
Crocetti, G. R., Hugenholtz, P., Bond,
P. L., Schuler, A., Keller, J., Jenk-
ins, D., and Blackall, L. L. (2000).
Identiﬁcation of polyphosphate-
accumulating organisms and design
of 16S rRNA-directed probes for
their detection and quantitation.
Appl. Environ. Microbiol. 66, 1175–
1182.
Crosby, S. A., Millward, G. E., Butler,
E. I., Turner, D. R., and Whitﬁeld,
M. (1984). Kinetics of phosphate
adsorption by iron oxyhydroxides in
aqueous systems. Estuar. Coast. Shelf
Sci. 19, 257–270.
Cunningham, J. A., Thomas, C.-W.,
Bengtson, S., Marone, F., Stam-
panoni, M., Turner, F. R., Bailey, J. V.,
Raff, R.A., Raff, E. C., andDonoghue,
P. C. J. (2011). Experimental taphon-
omy of giant sulphur bacteria: impli-
cations for the interpretation of the
embryo-like Ediacaran Doushantuo
fossils. Proc. R. Soc. Lond. B Biol. Sci.
279, 1857–1864.
www.frontiersin.org July 2012 | Volume 3 | Article 241 | 5
“fmicb-03-00241” — 2012/10/25 — 10:37 — page 6 — #6
Crosby and Bailey Microbes and phosphorites
Dornbos, S. Q. (2010). “Phosphatiza-
tion through the Phanerozoic,” in
Taphonomy, Second Edition: Process
and Bias Through Time. Topics in
Geobiology, eds P. A. Allison and
D. J. Bottjer (Dordrecht: Springer),
435–456.
Emigh, G. D. (1958). Petrography, Min-
eralogy andOrigin of Phosphate Pellets
in the Phosphoria Formation. Bureau
of Mines and Geology.
Ferris, F. G. (1989). “Metallic ion inter-
actions with the outer membrane
of gram-negative bacteria,” in Metal
Ions and Bacteria, eds T. J. Beveridge
and R. J. Doyle (New York: Wiley),
295–323.
Filippelli, G. M. (2011). Phosphate rock
formation and marine phosphorus
geochemistry: the deep time perspec-
tive. Chemosphere 84, 759–766.
Föllmi, K. B. (1996). The phosphorous
cycle, phosphogenesis and marine
phosphate-rich deposits. Earth Sci.
Rev. 40, 55–124.
Garrison, R. E., and Kastner, M.
(1990). Phosphatic sediments and
rocks recovered from the Peru mar-
gin during ODP Leg 112. Proc.
Ocean Drill. Prog. Sci. Results 112,
111–134.
Garrison, R. E., Kastner, M., and
Reimers, C. E. (1990). “Miocene
phosphogenesis in California,” in
Phosphate Deposits of the World. Neo-
gene to Modern Phosphorites, eds W.
C. Burnett and S. R. Riggs (Cam-
bridge: Cambridge University Press),
285–299.
Glenn, C. R., Föllmi, K. B., Riggs,
S. R., Baturin, G. N., Grimm, K.
A., Trappe, J., Abed, A. M., Galli-
Oliver, C., Garrison, R. E., Ilyan,
A., Jehl, C., Rohrlich, V., Sadaqah,
R. M., Schidlowski, M., Sheldon,
R. E., and Siegmund, H. (1994).
Phosphorus and phosphorites: sedi-
mentology and environments of for-
mation. Eclogae Geol. Helv. 87,
747–788.
Goldhammer, T., Brüchert, V., Ferdel-
man, T. G., and Zabel, M. (2010).
Microbial sequestration of phospho-
rus in anoxic upwelling sediments.
Nat. Geosci. 3, 557–561.
Gunnars, A., Blomqvist, S., and Mar-
tinsson, C. (2004). Inorganic forma-
tion of apatite in brackish seawater
from the Baltic Sea: an experimental
approach. Mar. Chem. 91, 15–26.
Hirschler, A., Lucas, J., and Hubert,
J.-C. (1990). Apatite genesis: a bio-
logically induced or biologically con-
trolled mineral formation process?
Geomicrobiol. J. 7, 47–57.
Huldtgren, T., Cunningham, J. A.,
Yin, C., Stampanoni, M., Marone,
F., Donoghue, P. C. J., and
Bengtson, S. (2011). Fossilized nuclei
and germination structures iden-
tify Ediacaran “animal embryos” as
encysting protists. Science 334, 1696–
1699.
Jarvis, I., Burnett, W. C., Nathan, J.,
Almbaydin, F. S. M., Attia, A. K. M.,
Castro, L. N., Flicoteau, R., Hilmy,
M. E., Husein, V., Quitwanah, A.
A., Serjani, A. A., and Zanin, Y.
(1994). Phosphorite geochemistry:
state of the art and environmen-
tal concerns. Eclogae Geol. Helv.
643–700.
Jørgensen, B. B. (1977). Distribution
of colorless sulfur bacteria (Beggia-
toa spp) in a coastalmarine sediment.
Mar. Biol. 41, 19–28.
Jørgensen, B. B. (1982). Mineralization
of organic matter in the seabed – the
role of sulfate reduction. Nature 296,
643–645.
Jørgensen, B. B., and Gallardo, V.
A. (1999). Thioploca spp.: ﬁlamen-
tous sulfur bacteria with nitrate vac-
uoles. FEMS Microbiol. Ecol. 28,
301–313.
Krajewski, K. P. (2011). “Phosphatic
microbialites in the Triassic phospho-
genic facies of Svalbard,” in Stromato-
lites: Interaction of Microbeswith Sedi-
ments, CellularOrigin, Life in Extreme
Habitats and Astrobiology, eds. V. C.
Tewari and J. Seckbach (New York:
Springer), 187–222.
Krajewski, K. P., Les´niak, P. M., Ła¸cka,
B., and Zawidzki, P. (2000). Origin of
phosphatic stromatolites in the upper
cretaceous condensed sequence of the
Polish Jura Chain. Sediment. Geol.
136, 89–112.
Krajewski, K. P., Van Cappellen, P.,
Trichet, J., Kuhn, O., Lucas, J.,
Martin-Algarra, A., Prévot, L.,
Tewari, V. C., Gaspar, L., Knight,
R. I., and Lamboy, M. (1994). Bio-
logical processes and apatite for-
mation in sedimentary environ-
ments. Eclogae Geol. Helv. 87,
701–745.
Krom, M. D., and Berner, R. A. (1980).
Adsorption of phosphate in anoxic
marine sediments. Limnol. Oceanogr.
25, 797–806.
Lamboy, M. (1990). Microstruc-
tures of a phosphatic crust from
the Peruvian continental margin:
Phosphatized bacteria and associ-
ated phenomena. Oceanol. Acta 13,
439–451.
Lavik, G., Stührmann, T., Brüchert, V.,
Van Der Plas, A., Mohrholz, V., Lam,
P., Mussmann, M., Fuchs, B. M.,
Amann, R., Lass, U., and Kuypers, M.
M. M. (2009). Detoxiﬁcation of sul-
phidicAfrican shelf waters by bloom-
ing chemolithotrophs. Nature 457,
581–584.
Li, C., Love, G. D., Lyons, T. W., Fike,
D. A., Sessions, A. L., and Chu, X.
(2010). A stratiﬁed redox model for
the Ediacaran ocean. Science 328,
80–83.
Lucas, J. and Prévot, L. (1985). The
synthesis of apatite by bacterial activ-
ity: mechanism. Sci. Géol. Mém. 77,
83–92.
McFadden, K. A., Huang, J., Chu, X.,
Jiang, G., Kaufman, A. J., Zhou, C.,
Yuan, X., and Xiao, S. (2008). Pulsed
oxidation and biological evolution in
the Ediacaran Doushantuo forma-
tion. Proc. Natl. Acad. Sci. U.S.A. 105,
3197–3202.
Mino, T., Tsuzuki, Y., and Matsuo, T.
(1987). “Effect of phosphorus accu-
mulation on acetate metabolism in
the biological phosphorus removal
process,” in Advances in Water Pol-
lution Control. Biological Phosphate
Removal from Wastewaters (Oxford:
Pergamon Press), 27–38.
Murray, J., and Renard, A. F. (1891).
Deep-Sea Deposits. Reports on the Sci-
entiﬁc Results of theH.M.S. Challenger
1873–76. London: H.M.S.O.
Nancollas, G. H., Amjad, Z., and Kout-
soukos, P. (1979). “Calcium phos-
phates – Speciation, solubility, and
kinetic considerations,” in ACS Sym-
posium Series, ed. E. Jenne (Wash-
ington, DC: American Chemical
Society), 475–497.
Nathan,Y. (1984). “The mineralogy and
geochemistry of phosphorites,” in
Phosphate Minerals, eds J. O. Nriagu
and P. B. More (Berlin: Springer),
275–291.
Notholt, A. J. G., and Sheldon, R. P.
(1986). “Proterozoic and Cambrian
phosphorites-regional review: World
resources,” in Phosphate Deposits of
the World, eds P. J. Cook and J.
H. Shergold (Cambridge: Cambridge
University Press), 386.
O’Brian, G. W., and Veeh, H. H.
(1980). Holocene phosphorite on the
East Australian margin. Nature 238,
690–692.
Ohtake, H., Kato, J., Kuroda, A., Wu,
H., and Ikeda, T. (1998). Regu-
lation of bacterial phosphate taxis
and polyphosphate accumulation in
response to phosphate starvation
stress. J. Biosci. 23, 491–499.
Omelon, S. J., and Grynpas, M.
D. (2008). Relationships between
polyphosphate chemistry, biochem-
istry and apatite biomineralization.
Chem. Rev. 108, 4694–4715.
Papineau, D. (2010). Global biogeo-
chemical changes at both ends of the
Proterozoic: insights from phospho-
rites. Astrobiology 10, 165–181.
Parker, R. J., and Andseisser, W.
G. (1972). Petrology and origin of
some phosphorites from the South
African continental margin. J. Sedi-
ment. Petrol. 42, 434–440.
Penn, M. R., Auer, M. T., Doerr, S.
M., Driscoll, C. T., Brooks, C. M.,
and Efﬂer, S. W. (2000). Seasonality
in phosphorus release rates from the
sediments of a hypereutrophic lake
under a matrix of pH and redox con-
ditions. Can. J. Fish. Aquat. Sci. 57,
1033–1041.
Planavsky, N. J., Rouxel, O. J., Bekker,
A., Lalonde, S. V., Konhauser, K.
O., Reinhard, C. T., and Lyons, T.
W. (2010). The evolution of the
marine phosphate reservoir. Nature
467, 1088–1090.
Pufahl, P. K., Grimm,K.A., Abed,A. M.,
and Sadaqah, R. M. Y. (2003). Upper
Cretaceous (Campanian) phospho-
rites in Jordan: implications for the
formation of a south Tethyan phos-
phorite giant. Sediment. Geol. 161,
175–205.
Rakovan, J. (2002). “Growth and
surface properties of apatite,” in
Reviews in Mineralogy and Geochem-
istry, Vol. 48. Phosphates – Geo-
chemical, Geobiological, and Materials
Importance, eds M. Kohn, J. Rako-
van and J. Hughes (Washington, DC:
Mineralogical Society of America),
51–86.
Reimers, C., Kastner, M., and Garrison,
R. E. (1990). “The role of bacte-
rial mats in phosphate mineraliza-
tion with particular reference to the
Monterey Formation,” in Phosphate
Deposits of the World, Vol. 3. Neogene
to Modern Phosphorites, eds W. C.
Burnett and S. R. Riggs (Cambridge:
Cambridge University Press).
Riggs, S. R. (1979). Petrology of the ter-
tiary phosphorite system of Florida.
Econ. Geol. 74, 195–220.
Riggs, S. R., and Sheldon, R. P.
(1990).“Paleoceanographic andpale-
oclimatic controls of the tempo-
ral and geographic distribution of
Upper Cenozoic continental mar-
gin sediments,” in Phosphate Deposits
of the World, Vol. 3. Neogene to
Modern Phosphorites, eds W. C.
Burnett and S. R. Riggs (Cam-
bridge: Cambridge University Press),
53–61.
Robertson, L. A., and Kuenen, J. G.
(2006). “The colorless sulfur bac-
teria,” in The Prokaryotes, eds M.
Dworkin, S. Falkow, E. Rosenberg,
K.-H. Schleifer and E. Stackebrandt
(New York: Springer), 985–1011.
Ruttenberg, K. C., and Berner, R. A.
(1993). Authigenic apatite forma-




Frontiers in Microbiology | Aquatic Microbiology July 2012 | Volume 3 | Article 241 | 6
“fmicb-03-00241” — 2012/10/25 — 10:37 — page 7 — #7
Crosby and Bailey Microbes and phosphorites
Salman, V., Amann, R., Girnth, A.-C.,
Polerecky, L., Bailey, J. V., Høgslund,
S., Jessen, G., Pantoja, S., and Schulz-
Vogt, H. N. (2011). A single-cell
sequencing approach to the classi-
ﬁcation of large, vacuolated sulfur
bacteria. Syst. Appl. Microbiol. 34,
243–259.
Schulz, H. N., and Schulz, H. D. (2005).
Large sulfur bacteria and the for-
mation of phosphorite. Science 307,
416–418.
Schulz, H. N., Strotmann, B., Gallardo,
V. A., and Jørgensen, B. B. (2000).
Population study of the ﬁlamentous
sulfur bacteria Thioploca spp. off the
Bay of Concepcion, Chile. Mar. Ecol.
Prog. Ser. 200, 117–126.
Sheldon, R. P. (1981). Ancient marine
phosphorites. Annu. Rev. Earth
Planet. Sci. 9, 251–284.
Soudry, D. (2000). “Microbial phos-
phate sediment,” in Microbial Sed-
iments, eds R. E. Riding and S.
M. Awramik (Heidelberg: Springer),
127–136.
Soudry, D., and Champetier, Y. (1983).
Microbial processes in the Negev
phosphorites (southern Israel). Sed-
imentology 30, 411–423.
Sterner, R. W., and Elser, J. J. (2002).
Ecological Stoichiometry: The Biol-
ogy of Elements from Molecules to
the Biosphere. Princeton: Princeton
University Press.
Suess, E. (1981). Phosphate regenera-
tion from sediments of the Peru con-
tinental margin by dissolution of ﬁsh
debris. Geochim. Cosmochim. Acta 45,
577–588.
Swirydczuk, K., Wilkinson, B. H., and
Smith, G. R. (1981). Synsedimen-
tary lacustrine phosphorites from
the Pliocene Glenns Ferry Formation
of southwestern Idaho. J. Sediment.
Petrol. 51, 1205–1214.
Van Cappellen, P., and Berner, R. A.
(1988). A mathematical model for
the early diagenesis of phosphorus
and ﬂuorine in marine sediments:
apatite precipitation. Am. J. Sci. 288,
289–333.
Veeh, H. H., Burnett, W. C., and Soutar,
A. (1973). Contemporary phospho-
rites on the continental margin of
Peru. Science 181, 844–845.
Williams, L. A. (1984). Subtidal stro-
matolites inMonterey Formation and
other organic-rich rocks as suggested
contributors to petroleum forma-
tion. Am. Assoc. Pet. Geol. Bull. 68,
1879–1893.
Williams, L. A., and Reimers, C.
(1983). Role of bacterial mats in
oxygen-deﬁcient marine basins
and coastal upwelling regimes:
preliminary report. Geology 11,
267–269.
Xiao, S., Zhang, Y., and Knoll, A. H.
(1998). Three-dimensional preserva-
tion of algae and animal embryos in a
Neoproterozoic phosphorite. Nature
391, 553–558.
Yin, L., Zhu, M., Knoll, A. H.,
Yuan, X., Zhang, J., and Hue, J.
(2007). Doushantuo embryos pre-
served inside diapause egg cysts.
Nature 446, 661–663.
Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any
commercial or ﬁnancial relationships
that could be construed as a potential
conﬂict of interest.
Received: 07 March 2012; accepted: 16
June 2012; published online: 05 July 2012.
Citation: Crosby CH and Bailey JV
(2012) The role of microbes in the forma-
tion of modern and ancient phosphatic
mineral deposits. Front. Microbio. 3:241.
doi: 10.3389/fmicb.2012.00241
This article was submitted to Frontiers
in Aquatic Microbiology, a specialty of
Frontiers in Microbiology.
Copyright © 2012 Crosby and Bai-
ley. This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License, which
permits use, distribution and reproduc-
tion in other forums, provided the origi-
nal authors and source are credited and
subject to any copyright notices concern-
ing any third-party graphics etc.
www.frontiersin.org July 2012 | Volume 3 | Article 241 | 7
